The influence of actuating voltage and discharge gap on plasma assisted detonation initiation by alternating current dielectric barrier discharge was studied in detail. A loose coupling method was used to simulate the detonation initiation process of a hydrogen-oxygen mixture in a detonation tube under different actuating voltage amplitudes and discharge gap sizes. Both the discharge products and the detonation forming process assisted by the plasma were analyzed. It was found that the patterns of the temporal and spatial distributions of discharge products in one cycle keep unchanged as changing the two discharge operating parameters. However, the adoption of a higher actuating voltage leads to a higher active species concentration within the discharge zone, and atom H is the most sensitive to the variations of the actuating voltage amplitude among the given species. Adopting a larger discharge gap results in a lower concentration of the active species, and all species have the same sensitivity to the variations of the gap. With respect to the reaction flow of the detonation tube, the corresponding deflagration to detonation transition (DDT) time and distance become slightly longer when a higher actuating voltage is chosen. The acceleration effect of plasma is more prominent with a smaller discharge gap, and the benefit builds gradually throughout the DDT process. Generally, these two control parameters have little effect on the amplitude of the flow field parameters, and they do not alter the combustion degree within the reaction zone.
Introduction
Nowadays, nonequilibrium plasma assisted combustion (PAC) technology has been attracting more and more interests around the world. In view of its merits including fast response, wide frequency band, flexible arrangement, etc, some researchers are trying to improve the performance of engines such as scramjet, detonation engines, and internal engines by the PAC technology [1] [2] [3] [4] [5] . Among the known discharge methods for plasma generation, such as spark discharge, microwave discharge, gliding arc, etc [6] [7] [8] , dielectric barrier discharge (DBD) is widely used for combustion control as it is capable of effectively preventing arc formation, operating in a wide pressure range, and has a low heat loss [9] [10] [11] [12] [13] [14] .
With increasing enthusiasm and demand for hypersonic vehicles, a detonation engine which has a very high combustion efficiency and a fast energy release rate has become one of the best candidates for hypersonic propulsion systems [2, 15, 16] . As is well known, the difficulty that limits the application of detonation engines is how to initiate the detonation wave fast enough over a short distance. Considering the many merits of nonequilibrium PAC technology, several studies focus on initiating the detonation wave by spark or DBD plasma. For example, a short detonation initiation distance was reached though using several distributed electric discharge igniters with properly tuned triggering times in relatively early years [17] . With the use of a coaxial nanosecond discharge device, a mixture of propane and oxygen has been successfully initiated to get a Chapman-Jouguet detonation [18] . Recently, researchers found that the ignition delay of transient plasma ignition (TPI) technology is 5 ms shorter than that of an automobile spark plug in the detonation initiation experiments of stoichiometric aviation kerosene-air mixture [19, 20] . Several detonation initiation experiments also showed that TPI is capable of reducing the ignition delay notably in either a quiescent or a mobile flow [21] .
To realize the characteristics of nonequilibrium PAC by DBD, different environmental variables and discharge control variables are all required to be taken into account. In the aspect of environmental variables, the types of discharge gas [10, 22] , ratio of fuel to oxidizer (e.g. equivalence ratio, mixture ratio) [23, 24] , pressure and temperature [12, 22, 25] were studied in related PAC experiments. While in the aspect of discharge operating variables, mainly the power type [26, 27] , amplitude of actuating voltage [28, 29] , discharge gap size [24] , and actuating frequency [20, 30] were analyzed. As one of the series studies, the influence of equivalence ratio on plasma assisted detonation initiation (PADI) has been studied in our preceding work [31] , which showed that lowering the equivalence ratio will have an adverse effect on the benefits of plasma. Moreover, we found that the deflagration to detonation transition (DDT) time and distance both increases as the actuating frequency rises [32] . However, among the above control variables, the amplitude of actuating voltage and the size of discharge gap are so basic and important for reaching an optimal effect base on the practical situation. Thus, this paper aims at understanding how nonequilibrium plasma generated by alternating current (AC)-dielectric barrier discharge affects the detonation formation process under different actuating voltage amplitudes and discharge gap sizes. After having established an AC-DBD plasma model and a plasma-combustion model, the detonation initiation of a premixed hydrogen-oxygen gas assisted by the plasma is numerically investigated. The distributions of discharge products, flow field characteristics of the detonation tube at several typical moments, history of thrust wall pressure, and DDT time and distance are all received and analyzed in detail.
Models and methods

Simulation of discharge
The DBD configuration is shown in figure 1 . Two sizes of discharge gap are considered here, i.e. discharge gap sizes d G =10 mm or 5 mm. It is assumed that the discharge is uniform in the x direction, so a one-dimensional DBD model can be established. The discharge gap is filled with a premixed stoichiometric H 2 -O 2 mixture. The initial pressure and temperature within the gap are 1.0 atm and 500 K, respectively.
The drift-diffusion equations for neutral and charged species are as follows:
where n k is the number density of particle k; μ k and D k denote the mobility and diffusion coefficient, respectively; S k is the reaction source term.
Poisson's equation is solved for the electric field as given in equation (4):
where n k and Z k are the number density and charge of particle k, respectively; e, ε d , ε 0 , and j are the elementary charge, relative permittivity, free space permittivity, electric potential, respectively. The strength of the electric field is calculated by equation (5):
A total of 47 discharge elemental reactions [33] Boundary conditions are expressed as n k =0 (negative charged particles) and ∂n k /∂y=0 (positive charged particles) at the high voltage electrode, j=0 V at the grounded electrode, and ∂n k /∂y=0 at the surface of the dielectric layer.
A high frequency sinusoidal AC power supply is used for the DBD. When considering the variation of actuating voltage amplitude, the peak-to-peak voltages of 7, 10 and 14 kV are chosen for comparison, while the size of the discharge gap is fixed as 5 mm; when considering the variation of the discharge gap size, the discharge gaps of 5 and 10 mm are chosen for comparison, while the actuating voltage is fixed as 14 kV. All the cases have a same actuating frequency of 10 kHz. A quasi-neutral plasma cloud is set as the initial condition; the number densities of + O 2 and electrons are both 10 15 m −3 initially in the entire domain, while other species are assumed to be zero. Poisson's equation is discretized by the central differential method and the successive over relaxation approach is utilized. The Crank Nicolson-finite element method is used to solve the drift-diffusion equations. The convective and diffusion terms are evaluated by the upstream scheme and central differential scheme, respectively. The spatial and temporal computational grids sizes are 5 μm and 0.02 ns, respectively. Results have shown good agreement with experiment and more details concerning the discharge simulation can be found in [32] [33] [34] .
Simulation of detonation initiation
After having received the discharge results, a DBD electrodes arrangement, which is compatible with the discharge simulation in the first stage, is put forward for the detonation tube, as given in figure 2. For simplicity, the discharge is assumed to be uniform along the axial and circumferential directions with neglecting the influence of curvature on the spatial electric field, which is generally acceptable as reported in [35, 36] . The entire computational domain of reaction flow is a cylinder tube with a length of 800 mm. The inner diameter is 13 mm for a discharge gap size of 5 mm, and it is 23 mm for a discharge gap size of 10 mm. The thrust wall is set as the closed side boundary of the tube. The high voltage electrode which directly connected to the thrust wall center has an axial length of 10 mm and an outer diameter of 3 mm. The cylindrical wall of the detonation tube is set as the grounded electrode with a dielectric layer covering its internal surface, and the axial length of the grounded electrode is also 10 mm. To restrict the discharge region between the two electrodes, insulating material is adopted for the other part of the wall. To exclude the influence of the center electrode itself, the simulation configuration is fixed with or without plasma, and the traditional heat ignition is performed within the discharge gap for all cases.
The loose coupling approach is used to deal with the simulation of PADI here [33, 37] . According to the operation sequence, the heat ignition is performed firstly, then the discharge starts. A traditional heat ignition [15] together with the concentration distributions of main species at the moment when all of them get the relatively high concentrations are input into the reaction flow simulation as the initial conditions. Here the distributions of species concentration are obtain from the DBD simulation.
The whole computational domain is paved with structural meshes. One mesh scheme that consists of 0.37 million cells is chosen for discharge gap size d G =5 mm and another scheme that consists of 0.84 million cells is chosen for d G =10 mm. No slip and adiabatic conditions are used for the wall. A typical pressure outlet boundary is used for the outlet of detonation tube, where the static pressure is 1 atm and the species is set to air. The initial detonation tube zone consists of quiescent H 2 and O 2 with an equivalence ratio of 1, and the static pressure and temperature are 1 atm and 500 K, respectively, just like the former discharge simulation conditions, except for the heat ignition zone, which is 3000 K (10 mm in axial length).
To simulate the reaction flow, the unsteady Reynolds averaged Navier-Stokes equations are solved together with the realizable k-ε turbulence equations, species transport equations, and chemical source term. A six species seven reactions mechanism is chosen as the O 2 -H 2 chemical kinetic model with finite rate reaction model been used to simulate the combustion. The dynamic processes of detonation wave formation and its propagation are both well captured by the simulation program, and details about related equations, physical models, solving methods, verification, and validation can be found in [4, 33, 38] .
Results and discussion
3.1. Temporal and spatial characteristics of discharge products 3.1.1. Amplitude of actuating voltage. The temporal and spatial distributions of the number densities of key active radicals H, O, and electrons in the 4th discharge cycle T for Case 1 (amplitude of actuating voltage V pp =7 kV), Case 2 (V pp =10 kV) and Case 3 (V pp =14 kV) are shown in figure 3 . The vertical and horizontal axes represent the discharge gap and time in one cycle (note that the applied voltage starts from the negative peak), respectively. It can be found that the three cases have a very similar pattern of the temporal and spatial distribution of a certain particle on the whole, but the densities of these particles of Case 3 is the highest, the next is Case 2, and the last is Case 1. Specifically, a higher voltage amplitude will result in a higher concentration of plasma active particles. This should be attributed to the rise in degree of ionization by increasing the voltage in a certain range [26] . As for the peak value of the density of every particle in figure 3 : the peak values of atom H, O, and electron of Case 3 are about 10.8, 4.3, and 4.5 times that of Case 1, respectively. Thus, the voltage amplitude has a most significant effect on atom H, while that of atom O and electron are nearly equal under this condition. Figure 4 presents the temporal and spatial distributions of H, O, and electron under the condition of d G =10 mm and V pp =14 kV (Case 4). The density of every particle of Case 4 is lower than that of Case 3 as the size of the gap increases, which can be found by comparing the distributions of H, O, and electrons in figures 3(c), (f), (i) with that given in figures 4(a)-(c). This is consistent with the theory that a longer discharge gap corresponds to a lower degree of ionization for a certain actuating voltage. In addition, compared with Case 3, the density of H, O, and electrons are reduced by about 65.7%, 66.7%, and 68.0% respectively for Case 4. Specifically, the impact of the discharge gap size on the concentration of the three active particles are almost the same.
According to our discharge simulation, the concentrations of active species OH, O, and H are much higher than other intermediate species of the plasma, and related studies have shown that these three particles have the strongest impact on ignition under the given conditions [2, 39] . Thus, only the active particles O, H, and OH are considered in the reaction flow simulation, and other species with low concentration are ignored. It is found that all of the three active particles can reach their highest concentration at about t=0.6T from the temporal and spatial distributions of the number density, so the concentration distributions of O, H, OH, O 2, H 2 , and H 2 O at 0.6T are selected as the initial conditions of subsequent combustion simulations.
Detonation initiation process
To realize the whole DDT process better, both the flow field at typical moments and the history of flow evolution are required for comparison and analysis. The Mach number distributions of the detonation tube flow field at two typical moments t=70 μs and t=100 μs, when a detonation wave has not formed, are shown in figure 5 . The value of the voltage labeled in figure 5 is half of the peak-topeak value V pp , so do the labels in the figures below. At t=70 μs, the maximum Mach number of the three cases are all about 0.6, indicating that a leading compression wave has formed. According to the x position of the red high velocity band, the leading wave of Case 1 moves furthest, the next is Case 2, and the last is Case 3. A light yellow band upstream of the red band, representing another high velocity zone, occurs only in Case 1 and Case 2, indicating the flow develops faster under a lower actuating voltage. At t=100 μs, the tube flow field of all cases have reached supersonic. Although the Mach number distributions of them are very similar, the positions of the leading waves of the three cases are different. Like the laws existed at t=70 μs, the leading wave of Case 1 moves furthest, the next is Case 2, and the last is Case 3, at this moment. For example, the x position of the leading shock wave of Case 1 is 2 mm larger than that of Case 3, so the flow field evolves little faster under a lower voltage amplitude.
As a critical value of velocity, the distribution of flow parameter at Ma=1.0 is capable of exhibiting the overall flow field variation in the subsonic phase, so the profiles of pressure, temperature, and species concentration on the axis of detonation tube around the parameters abrupt changing zone are presented in figure 6 . The peak values of pressure are almost the same for the three cases, as is the temperature. The H 2 consumption and the H 2 O yield are not sensitive to the change of voltage amplitude; only the abruptly changing curve, which represents the reaction boundary, continuously translates downstream when the voltage declines from 14 to 7 kV. Thus, Case 3 develops into the supersonic flow in the shortest distance. However, the flow of Case 1 reaches Ma=1.0 at t=77.9 μs, which is 0.3 μs and 0.7 μs earlier than that of Case 2 and Case 3, respectively. Therefore, it is assumed that the lower voltage amplitude is a little better for fast flow field evolution in the whole subsonic phase.
DDT time and distance, and steady propagation
stage. Based on the profile of the flow field parameter along the axis at the moment when the C-J detonation wave has just formed, the DDT time and distance are obtained as given in table 1. The DDT distance and time have been increased by 1.8 mm and 1.2 μs, respectively as the actuating voltage rises from 7 kV to 10 kV; while they have only increased by 0.7 mm and 0.7 μs, respectively as the voltage rises from 10 to 14 kV. Therefore, the DDT time and distance will both increase when raising the actuating voltage amplitude, and the increase amplitudes will decrease. However, as is mentioned before, a higher species concentration can be reached by increasing the actuating voltage amplitude, so the DDT process will not be improved by only raising the active species density. In the given conditions, the way of producing more active species in the ignition zone is adverse to the development of DDT process. In addition, considering the differences of the reaction boundaries of different cases occurred in the subsonic phase, it comes to the conclusion that the actuating voltage amplitude has little effect on flow acceleration in the period when a Ma=1 flow develops into a flow with stable detonation wave. To further realize the effect of voltage amplitude on the propagation of a stable detonation wave, the profiles of pressure, axial velocity, and species concentration along the tube axis at t=260 μs are presented in figure 7 for the three cases. Overall, it seems that strength of the detonation wave are nearly the same under the three voltages. However, as is presented in figure 7(c) , in which the ranges of x-coordinate is reduced compared with figures 7(a) and (b), the distributions of the mass fractions of H 2 and H 2 O around the leading shock wave show that the reaction boundary of Case 1 has the largest x value, the next is Case 2, and the last is Case 3, indicating that the detonation wave moves further towards the outlet under a lower actuating voltage in the stable propagation phase, which is accord with the description of the DDT process above. Note that the distance of the reaction boundaries between Case 2 and Case 3 is notably larger than that of Case 1 and Case 2, which is contrary to the phenomenon found in the stable detonation wave forming process. Thus, the difference lead by the actuating voltage keeps changing during the whole flow evolution process.
3.2.1.3. History of thrust wall pressure. Since the pressure on the thrust wall is capable of reflecting part of the performance of a detonation engine, and it has a notable unsteady characteristics, the dynamic process of the thrust wall pressure are usually studied. Figure 8 shows the histories of thrust wall pressure under different actuating voltages. The histories of these three cases are almost the same except for the peak of the profile curve. From the partial enlarged graph we can see that Case 3 has highest pressure peak and it occurs latest, the next is Case 2, and the last is Case 1. It has been mentioned that the flow field evolves faster under a lower voltage, and the pressure peak occurs in the DDT process, so the higher voltage amplitude corresponds to the later occurrence of the peak. The detonation wave gains more energy with the elongation of the detonation formation journey, leading to the occurrence of a higher pressure peak on the thrust wall. However, the three cases have an identical pressure when the curve tends to stabilization, meaning that the actuating voltage amplitude does not change the magnitude of thrust wall pressure after a stable detonation wave has formed.
The above analysis shows that the DDT process and the subsequent detonation wave propagation process can be affected by adjusting the actuating voltage amplitude when performing the PADI, though the variation is relatively small under the given conditions. Generally, applying a higher voltage results in a longer and slower detonation initiation process, and the amplitudes of the flow field parameters for the three cases are almost the same, except for the peak value of thrust wall pressure.
Size of discharge gap
3.2.2.1. Before the formation of stable detonation waves. To realize the differences between the detonation tube flow field of Case 3 (d G =5 mm, V pp =14 kV) and Case 4 (d G = 10 mm, V pp =14 kV), the Mach number distributions of these two cases at t=70 μs and t=100 μs are shown in figure 9 . Similar to the descriptions of figure 5 , the flow field of the two cases are in the subsonic state at t=70 μs, and they look alike, yet the leading waves of Case 3 move a little further. At t=100 μs, the flow has already reached supersonic, and the flow field distinction between the two cases is remarkable. First, the leading shock wave of Case 3 is closer to the downstream outlet; second, the highest pressure of Case 4 occurs on the tube axis upstream of the leading wave (i.e. the red spot), indicating that it is still in the shock reflection and intersection phase, which lags behind that of Case 3. Therefore, the flow field with a small discharge gap scheme develops faster, whether it is in a subsonic or a supersonic state.
As shown in figure 2 , the discharge gap size plus the radius of the central electrode equals the inner radius of the detonation tube, so the change of discharge gap size will not only affect the discharge itself but also the detonation initiation process of the mixture [15] . Thus, two more cases (which correspond to Case 3 and Case 4) in which the DBD actuator is turned off (it means that the discharge is not considered in the two cases), are also simulated to find out the actual effect of discharge gap size on detonation initiation. For easy comparison, the four cases are relabeled as follows: C1-d G =5 mm without actuator working, C2-d G =5 mm with actuator working, C3-d G =10 mm without actuator working, and C4-d G =10 mm with actuator working. Figure 10 shows the profiles of the pressure, temperature, and concentration of H 2 and H 2 O along the axis under C1−C4 at Ma=1 (here 'no plasma' means the DBD actuator is turned off). The orders of the distance between the leading shock waves and the closed side, from short to long, are C2, C1, C4, and C3, based on the x-positions of the abrupt changing curves, meaning that the flow field of a small diameter tube evolves faster than that of a large diameter tube to reach supersonic, so does the flow field with the help of plasma. As given in figure 10(a) , C1 has the highest pressure peak, next is C2, then C3, and finally C4. Thus, the detonation tube with a smaller diameter exhibits a higher peak value of the pressure, yet the plasma is capable of reducing the peak value in this phase, and the reduction amplitude rises as the diameter decreases. The profiles of temperature and species concentration upstream of the abrupt changing curves are almost the same for the four cases. Because the combustion reaction degree upstream of the leading waves can be represented by the temperature and species concentration directly, it comes to the conclusion that the plasma and discharge gap size do not affect the combustion degree within the reaction zone.
DDT time and distance, and steady propagation
stage. The DDT times and distances of the related four cases are given in table 2. The DDT times and distances are all reduced by the discharge plasma for the two discharge gaps. Specifically, when the actuator operates, τ DDT and L DDT are reduced by 11.7% and 12.9%, respectively, under d G =5 mm condition; yet they are reduced by 6.0% and 5.3%, respectively, under d G =10 mm condition, which are 5.7% and 7.6% lower than those of d G =5 mm. Therefore, a small discharge gap is better for the acceleration effect of plasma on the detonation initiation process. Moreover, the variation amplitudes of the time (defined as τ s ) required to reach a supersonic flow (i.e. Ma=1) under different discharge gaps are calculated as follows: when the actuator operates, τ s is shortened by 8.7% under d G =5 mm condition, yet it is shortened by 6.7% under d G =10 mm condition, which is 2.0% lower than that of d G =5 mm. Thus, it can be inferred that the effect of the discharge gap size on the PADI gradually strengthens as the flow field develops from the Ma=1 state to the formation of a stable detonation wave. Figure 11 shows the profiles of temperature, axial velocity, and the mass fraction of H 2 and H 2 O at t=260 μs when the detonation wave is in the steady propagation phase. The distance of the leading shock wave between the no plasma case and plasma case under the d G =5 mm condition is larger than that of d G =10 mm, indicating that a small discharge gap enhances the plasma accelerating effect. In addition, although the wave moves further when the actuator operates under different discharge gaps at t=260 μs, the leading wave of the d G =10 mm cases are downstream of the d G =5 mm cases, compared with the positional relationship of the leading shock wave of the four cases at Ma=1. Thus, the relationship of discharge gap size and leading wave position is reversed in the steady propagation phase.
Moreover, the case with a larger of discharge gap presents a higher pressure peak, which is opposite to the situation shown in figure 10(a) . This should be attributed to the characteristics of the detonation tube size, as the tube with a larger diameter has a stronger detonation wave. As for the profiles of axial velocity, the peak value of C4 is notably higher than others, C1 is equivalent to C2, and C3 is the lowest. Therefore, the plasma is capable of accelerating the detonation wave remarkably under the d G =10 mm condition. However, the H 2 consumption and Although it has been pointed out that a smaller discharge gap scheme is better for the PADI and the steady propagation of detonation wave, it is still insufficient to realize the whole evolution process of the flow field just from the analysis of the flow field at separate moments, so the histories of the thrust wall pressure of the four cases are shown in figure 12 . The pressure peak of C2 occurs first, the next is C4, and the last are C1 and C3 which reach their maximum pressures at the same time. This order is in accordance with the analysis above. The interval between the pressure peak of the no plasma case and plasma case under the d G =5 mm condition is longer than that of the d G =10 mm condition, which has also confirmed that a small discharge gap scheme is better for the acceleration of the DDT process. Moreover, it was found that the plasma does not alter the magnitude of thrust wall pressure when the pressure has reached a constant state, yet as the detonation tube with a large diameter has a higher energy, the case of a larger discharge gap presents a higher pressure. In summary, it is better to adopt a smaller discharge gap for PADI, and this effect becomes more obvious as flow evolves. However, the combustion degree of the reaction zone will not be affected by this discharge operating parameter.
Summary
Based on the establishment of an AC-DBD model and a PADI model, the effect of the actuating voltage amplitude and the discharge gap size on the discharge products and the detonation forming process is numerically studied. Results shows that the pattern of the discharge product distribution will basically be unchanged by adjusting the two discharge operating parameters, yet the number density of active particles is higher under a high actuating voltage amplitude, and atom H is the most sensitive to the variation of voltage amplitude. When increasing the discharge gap, the density of the active particles also declines, but the variations of O, H, and electrons are almost the same. In the given conditions, the detonation forming process can be changed through adjusting the actuating voltage amplitude. A higher voltage corresponds to a longer DDT time and distance. The voltage amplitude does not affect the magnitudes of the flow field parameters in principle. Only the peak value of thrust wall pressure becomes a little larger under a higher voltage. The DDT time and distance are reduced more prominently by the plasma when adopting small discharge gap scheme. In the detonation wave forming process, the effect of the discharge gap size on PADI gradually strengthens. Although the leading waves of the case with a larger diameter detonation tube move further in the steady propagation phase, the truth that the relatively smaller discharge gap is better for the plasma to accelerate the DDT process has never changed. Moreover, the discharge gap size itself will not affect the combustion degree within the reaction zone. Since the discharge gap size reflects the size of the detonation tube diameter, it is mainly the flow field pressure that has been changed as the discharge gap varies, and a larger gap corresponds to a higher thrust wall pressure in the constant pressure phase.
